The range of hydrodynamic operating conditions to which a hydropower turbine is exposed results in significant pressure fluctuations on both the pressure and suction sides of its blades. Understanding these dynamic pressures and their effects has a range of applications.
Conditioning electronics in the crown of the Francis turbine (left) and eight DAQ boards and slip ring for power and communications fitted on the turbine shaft (right) (Farhat et al. 2002b ). . 9 
Introduction
Hydropower represents a renewable energy source that has the unique ability to complement more intermittent methods of power generation through control of the plant output at off-design operating points. The inflow characteristics of hydropower turbines are highly variable and unsteady as a result of complex fluid-structure interactions and high pressure gradients through the machine. The range of hydrodynamic operating conditions to which a turbine is exposed results in significant pressure fluctuations on both the pressure and suction sides of the blades. Understanding the resulting dynamic loads and their effects are significant in determining the design life and maintenance schedule of the bearing, shaft, and runner components. The unsteady pressures detected at the runner also cause barotrauma for fish during their passage through a hydropower turbine (Richmond et al. 2014a ).
Experimental characterization of pressure fields over Kaplan and Francis turbines blades is an inherently challenging exercise. This is a result of the limited access to the runner blade, the required modification of the runner blade to house pressure sensors, as well as the challenges of making measurements from a rotating component of the machine. While draft tube flow conditions have been investigated to identify the nature of the unsteady loads, the source of the disturbances is difficult to locate without the experimental mapping of pressure on the runner blades.
One continually improving technique for calculating the pressure distributions numerically is to use computational fluid dynamics (CFD) modelling. High-frequency in situ pressure measurements are able to refine and validate the numerical solutions calculated using CFD codes at the locations of the pressure sensors and, in doing so, they ensure the appropriateness of CFD for use in this application.
The instrumentation of hydropower turbine runners with pressure transducers has been performed by a number of research groups in recent years for both model and prototype scale blades 1 . The primary difference between these two scales of study is the available surface area on the blade for the array of pressure taps. A significant number of pressure taps are required to capture the spatial variability of the pressure distribution on both the pressure and suction side of the blade (Figure 1 ). In the case of the model-scale devices, this spatial resolution of pressure taps cannot always be implemented on a single blade. To resolve this issue, multiple blades can be instrumented and the measurements from a number of blades can be phase corrected to infer the pressures with increased spatial resolution on a single blade.
This report provides a review of existing studies in which the blade pressure was experimentally measured and provides an assessment of the technology for both model-and prototype-scale testing. This overview presents the range of existing approaches to in situ blade pressure measurements and will be used to inform the design of similar experimentation for the validation of the CFD modeling performed for the biological performance assessment (BioPA) method developed at the Pacific Northwest National Laboratory (PNNL) (Richmond et al. 2014b; Richmond et al. 2015) . This method uses CFD simulations to model the three-dimensional flow through the hydropower turbine unit, allowing the hydrological stressors (of which pressure is one) to be extracted throughout the hydropower turbine unit. These stressors are related to biological performance of fish through dose-response models in the BioPA method. 
Review of Recent Studies
This section provides a review of the technologies and methods used in recent studies to increase understanding of the effects of unsteady pressures on runner blades. The list of studies is not exhaustive, rather it represents those most relevant to the present topic. A summary of the studies is presented in Table 1 . The study technologies and methods for both model-and prototype-scale testing are described in greater detail below the table. Figure 2 and Figure 3) were installed on the model runner blades, flush with the surface. Six of the sensors were mounted on the pressure side of one blade (Blade 1), and six were mounted on the suction side of the following blade (Blade 2). The sensor locations are defined by the vertices of the 1/3 and 2/3 span lines and the 1/4, 1/2, and 3/4 chord lines (Figure 3b ). The pressure range of the sensors was 0-7 bar to account for transient pressures during startup, which were expected to be greater than the transient pressures during normal operation. The natural frequency of the selected pressure sensors was 380 kHz, which significantly exceeded the expected excitation frequencies of the experiments.
The measured pressure data is transmitted during the experiment using a dedicated telemetry system. This technique allows the measured pressure data to be transmitted wirelessly from the rotating blades to a fixed receiver and recorder. The telemetry system, made by Summation Research Inc. (Figure 4 ), was installed for each blade to transmit pressure data from the rotating shaft to a stationary receiver. The telemetry system had a data transfer rate of 17 kHz. The transmitter component of the telemetry system was installed on the rotating shaft and transmitted the measured pressure signals to the stationary receiver through the model walls.
The receiver model was connected to a National Instruments (NI) data acquisition (DAQ) system (PXI chassis with four NI-4772 DAQ Cards) that had 24-bit resolution and recorded pressure data over an acquisition period of 5 minutes at a sampling frequency of 4 kHz. 
Waterpower Laboratory, NTNU, Norway
The work of Trivedi et al. (2013a) was performed in the Water Power Laboratory at NTNU (Norwegian University of Science and Technology), using the model-scale test rig, which allows scaled model testing at 1:5.1 scale of the prototype, with a runner outlet diameter of 0.349 m.
In this work on a Francis turbine model, pressure taps were mounted on the pressure side of a blade (2) and the suction side (1) as well as on the inlet pipeline (2), vaneless space (1), and draft tube cone (2). Pressure signal samples were logged at a frequency of 2083 Hz. The pressure sensors used in the runner blades were Kulite LL-080 devices (0-350 kPa abs), also used by Amiri et al. (2015) . These sensors have a bandwidth of approximately 100 kHz and a natural frequency of 300 kHz.
As with the experiments of Amiri et al. (2015) , a Summation Research SRI-500e wireless telemetry system was used to transmit data from the miniature sensors on the rotating runner to the stationary receiver outside the test rig. Analog data were sent through a HBM DC voltage amplifier (10 kHz) to a NI2939 input module (50 kHz) in a NI universal serial bus (USB) DAQ (cDAQ9172, 400 kHz).
The logging frequency was selected based on the following factors:
 maximum possible blade passing frequency  at least one sample per degree of runner rotation  communication between transmitter and receiver of telemetry system was possible without loss off data or delay in transmission. The work of Kobro (2008 Kobro ( , 2009 ) was completed at the same laboratory during a time when the Tokke power plant in Telemark, Norway, was being refurbished. This allowed the opportunity for both modeland prototype-scale instrumentation of hydropower turbines in collaboration with Andritz Hydro AG.
The 5:1 model-scale measurements were performed at NTNU in the Waterpower Laboratory using two model Francis turbine runner designs-one designed by Andritz Hydro AG (the VA Tech Hydro runner) and the other by NTNU.
For the model-scale blade instrumentation, miniature Kulite LL080 strain gauge-based pressure transducers were selected rather than piezoelectric type transducers to allow the absolute pressure to be measured. The pressure signals were transmitted from the runner using the Summation Research PMD 500e with programmable gain and anti-aliasing protection, analog-to-digital (AD) conversion, and a multiplexer board. Power was supplied to this system using a 9 V battery. Grooves were milled into the blade to contain cables and were then filled with epoxy to maintain a smooth surface on the blade. 
Laval University, Québec, Canada
The work at Laval University was carried out as part of an initiative instigated by the Consortium on Hydraulic Machines (of which the partners are Alstom Hydro, Andritz Hydro, Edelca, Hydro-Québec, NRCan, CanmetENERGY, Voith Hydro and Laval University). The Consortium was formed to create and maintain a major research center for the development of hydraulic turbines in Canada. For further background information on this project, refer to Deschênes et al. (2010) .
The turbine being studied for the AxialT project was a six-bladed 1950s era propeller turbine that had a semi spiral casing and 24 guide and stay vanes (Houde et al. 2012b) . As with Amiri et al. (2015) , two adjacent blades were instrumented with pressure sensors. In this study, significantly more sensors were installed-9 on the pressure side of Blade 1 and 11 on the suction side of both Blade 1 and Blade 2. The placing of these sensors was nonlinear and followed the pressure gradients identified from CFD flow simulations with increased spatial concentrations occurring near the leading and trailing edges.
Again, a telemetry system was used to transmit the pressure sensor outputs from the rotating shaft to stationary data acquisition hardware. The telemetry system was a 32-channel, custom design by Atcom Telemetry, that had a sampling rate of 5 kHz. Power was provided to the system via an induction device rather than via conventional batteries. The data acquisition system was based on three 16-channel NI cards, with 200 kHz and 16-bit resolution capabilities. 
EPFL-IMHEF, Lausanne, Switzerland
Avellan et al. (2000) developed a procedure to instrument model turbine blades with miniature piezoresistive pressure sensors (Figure 8 ). In this pressure sensor design, the surface of the blade was coupled to the sensor via a plastic compound that had the same acoustic impedance as water. Using this design approach the sensor could be installed below the surface of the blade with minimal geometric alteration to the blade surface. The measurement error of the design is quoted as being less than 1 mbar absolute pressure (Farhat et al. 2002b ).
Because of the size of the model blades, the number of pressure transducers installed on each blade was limited to six. In total, four blades were instrumented with six pressure transducers on each. Two blades were instrumented on the pressure side and two on the suction side. An additional four transducers were mounted in the runner band. The cross section of the Keller pressure transducers used and a representative instrumented blade are shown in Figure 8 . The pressure range of the transducers was 0-3 bar with a frequency range of up to 15 kHz. These were calibrated in a static rig at EPFL Laboratory and verified by the Voith Hydro test rig. Dynamic calibration was performed at EPFL using a Kistler high-precision transducer. Transducers were wired to signal-conditioning modules on the model runner crown that were fed into eight data acquisition modules (Figure 9 ). These modules were able to store 32,768 samples per channel at 20 kHz and 12-bit resolution, which equated to more than 1 second of data.
After the data were acquired, they were transferred to the central laboratory computer through slip rings via an ARCnet (attached resource computer network) transfer protocol for further processing. This networking system is a local area network, similar to Ethernet services, that has data transfer rates of up to 2.5 Mbps.
Figure 9.
Conditioning electronics in the crown of the Francis turbine (left) and eight DAQ boards and slip ring for power and communications fitted on the turbine shaft (right) (Farhat et al. 2002b ).
Prototype Experiments

Tokke Power Plant, Norway
During the refurbishment of the Tokke power plant, Statkraft, Andritz, and NTNU performed a collaborative research project on pressure pulsation. Statkraft funded the majority of the project (costs not disclosed). Andritz contributed to funding and project organization and worked with NTNU to instrument the runners. At the time of the experiments (to the knowledge of Kobro et al. (2009) ), pressure measurements on the runner blades had not been performed on both the model-scale and prototype-scale designs of the same unit. As such the experiments performed in this study provided the unique ability to validate pressure measurements from a scaled model with a full size prototype of the same device.
Two types of pressure transducers were used in the prototype experiments. Three Kulite LL-080 sensors used in the model tests were installed at the runner blade outlet, while three Kistler 7037 Quartz pressure sensors were installed at the inlet ( Figure 10 and Figure 11 ). Strain measurements were also taken on the runner blade outlet using 350Ω strain gauges at 16 locations; 10 in the radial direction and 6 in the tangential directions, with 14 of these on the suction side and 2 on the pressure side.
In the interest of minimizing the alteration to the turbine components, a high-frequency data-logging (rather than telemetry) system was used in the prototype-scale testing (Figure 12 ). In contrast to the telemetry techniques described in Section 2.1, which transmit the data to a recorder outside of the rotating reference frame, the data logger in this set of experiments is mounted in runner cone. As such, the recorded data is not accessible until the test is complete. The system consisted of a NI Compact-Rio 9014 Real-Time controller. The chassis housed seven modules (of the available eight slots), to collect both strain and pressure data. Two of these modules (NI 9237) were used to log the outlet pressure collected by the Kulite pressure sensors. A single NI 9239 module was used to acquire the amplified voltage signal from the Kistler pressure sensors at the inlet. The Compact-Rio was powered using a 24 V battery pack to avoid the need for external power and collected 24-bit resolution data at a frequency of 1613 Hz. As a prime number, this acquisition frequency was selected to reduce aliasing effects. The pressure transducers were mounted on the blades using a cyanoacrylate adhesive and the cable runs stayed downstream of the sensor heads. The cables were covered with polyester filler. The cables entered the watertight data-logger compartment through watertight holes.
The first experimental campaign used the original Kvaerner runner. No data were retrieved from these tests because the logger became flooded. The flooding of the data logger was not detected until after the experiments because, unlike the model-scale tests, no data were being transmitted from the unit. The mixed success of data acquisition from this configuration highlights the risk of onboard data acquisition that cannot be verified until the experiment is completed. When the data are transmitted from a device in real time, damage to the data acquisition system can be detected immediately, which removes the risk of completing an experimental campaign without acquiring a successful data record.
Porjus Hydropower Centre, Sweden
In this study, piezo-resistive pressure transducers were mounted on both the pressure and suction side of 1 of the 6 runner blades with 20 sensors on each side as shown in Figure 13 (Cervantes et al. 2008) . The locations of these pressure sensors were informed by CFD to locate the maximum and minimum blade pressures as well as regions of significant pressure gradients.
The installation objectives were a compromise between two specifications:
 to minimize machining of the blade to limit alteration of the mechanical properties of the unit, and  to enable broken sensors and cabling to be replaced with relative ease.
To achieve the above-listed objectives the pressure sensor was mounted to a small metal flange which enabled it to be mounted onto the blade with two screws. The channels from the blade hub to the pressure sensors were fitted with a polytetrafluoroethylene (PTFE) conduit prior to filling them with resin so that the communication cables could be removed and replaced without affecting the blade surface.
The resonant frequency of piezo-resistive pressure transducers satisfies the condition of being greater than five times that of the measured frequency (Stoker 2005) due to its low mass and high stiffness. The high impedance of the pressure transducers allows them to be digitized further from the source than common strain gauges and in this setup the data acquisition system (NI cRIO-914) was located on the rotating shaft at the top of the generator. This location has easy access, low humidity, and low centrifugal loads.
In this case, a wireless local area network (WLAN) is used to connect the slave modules of the data acquisition system to the master computer using the angular position of the rotor to synchronize the signal from the total of five slave NI cards. The slave modules are powered through a slip ring to the rotating shaft. The pressor sensors are sensitive to water temperature, which in some rivers can range from 0-20°C (Jansson and Cervantes 2007). The pressure sensors must, therefore, be calibrated prior to every test. Unlike the model-scale blades, which can be placed inside pressure calibration chambers, the prototypescale instrumentation must be calibrated on a sensor-by-sensor basis owing to the large geometry of each blade and the inherent difficulty associated with sensor removal and reinstallation. To do this, Jansson and Cervantes (2007) suggest a calibration system consisting of a pressure calibrator and suction cup ( Figure 14) . The portable pressure calibrator is used to supply a range of pressure levels in the range of 0-10 bar. This pressure is applied to the pressure sensor through the use of a suction cup, which surrounds the pressure sensor. The custom-made suction cup is fastened to the surface of the blade by drawing down the pressure in the outer region of the cup to below 0.4 bar. 
Summary of Recent Studies
The review of recent studies presented in this section is useful in identifying the challenges that are common to all such experiments and the varied approaches and successes in the approaches used.
All of the experiments reviewed achieved the installation of multiple pressure transducers on each blade, ranging from 3 to 20 on a single blade. All model-scale experiments distributed the pressure transducers over multiple blades to maximize the available area on the turbine runner. The pressure readings from different blades were synchronized through accurate encoder measurements in post-processing to allow the pressures measured from different blades to be considered together.
The pressure transducer layout ranged from a grid-like distribution of locations to irregular spacing. In the case of the latter, the location of the pressure transducers was informed by the pressure maxima, minima and gradients identified using CFD simulations.
The challenge of limited space for hardware installation and data acquisition was encountered by all tests and addressed in a variety of way. The majority of experiments used telemetry -the wireless transmission of data from the rotating runner to a fixed receiver -to transfer the data from the turbine. Not only does this remove the spatial constraints for the subsequent data acquisition hardware, but allowed real-time access to experimental data during the experiments. In a similar way, the EPFL-IMHEF experiments transferred data from the data acquisition units on the runner crown through slip rings via an ARCnet transfer protocol for processing outside of the turbine unit. In contrast to this, the prototype experiments at the Tokke Power Plant utilized an onboard data acquisition system whereby the data was acquired and stored in the runner cone and accessed at the conclusion of the testing.
Discussion
The following section presents a discussion of the implications and practicalities of conducting in-situ pressure measurements on both model-and prototype-scale hydropower turbines. To begin, the importance of the metric of pressure in the context of BioPA is summarized with emphasis on the validation on the CFD simulations developed (Section 3.1). Following this, a detailed discussion of the data collection methods reviewed in the previous section is presented (Section 3.2) and applied to an example hydroelectric power station of Ice Harbor Dam (Section 3.1). This discussion section of the report concludes by presenting cost estimates for model-and prototype-scale tests (Section 3.4).
Validation of CFD for BioPA
The in situ measurement of blade pressures is a valuable data set for the validation of the CFD performed for BioPA purposes for the following reasons:
1. Pressure is an indicator of flow quality. Knowledge of the pressure on the surface of the blades informs flow instabilities such as cavitation, separation, and unsteady flow conditions. The understanding of these flow conditions is critical to predicting the mechanical loads and hydrodynamic conditions that the blades must withstand. Such flow conditions are able to be predicted using CFD and therefore can be validated with experimental pressure data.
2. Pressure measurements are able identify symptomatic mechanical issues in turbine operation. A comparison of experimental pressure measurements with CFD models is therefore able to identify discrepancies in the mechanical operation and operating conditions of the two approaches.
3. Pressure is the stressor that has the most well understood biological impact on fish passage owing to the ability to observe dose-response relationships using currently available techniques (Brown et al., 2009; Brown et al., 2012) . As such, the validation of the pressure measurements at the blade surface provides important input information for these experiments.
Data Collection
Following the literature review of Section 2.0, two distinct configurations of data collection can be classified (Table 2) :
 Option 1: Onboard data storage in rotating turbine components  Option 2: Real-time wireless data offload from the rotating to stationary regions of the turbine. Kobro et al. (2009) preferred collecting the data onboard in rotating turbine components (Option 1, Table  2 ) to reduce the permanent alteration of the turbine that was required to implement telemetry. Specifically, onboard data collection does not require the pressure transducer wires to travel any farther than the hub cone. The primary limitation of this configuration is the restricted access to the data during and after testing. With the data acquisition hardware submerged in the hub cone (albeit in a waterproof casing), data collection malfunction cannot be detected until the test has been concluded and the data retrieved. This was observed in the experiments of Kobro et al. (2009) , who were unable to recover the data from one full test schedule due to water intrusion that was not detected until the tests were concluded. The risk of this failure in an operational hydropower station is unlikely to be acceptable.
The second option mitigates these risks by installing the additional hardware that allows wireless realtime data transfer between the rotating and stationary regions of the turbine. The location of the wireless transmitter is required to be above the turbine, away from any humidity, which necessitates running the transducer wires up out of the hub cone. In this case a junction box in the nose hub was used by Cervantes et al. (2008) to simplify the wiring. It is typically a best practice to digitize an analog signal as close to the sensor as possible; however the pressure sensors have a very high impendance, which protects the signal from voltage loss and signal interference along a longer cable run (Cervantes et al. 2008) . With this in mind, the data acquisition system can be mounted on top of the generator, in line with the rotational access of the turbine shaft-a dry location with minimal centrifugal loads induced by the shaft rotation. This location was chosen for the data acquisition system and WLAN transmitter in the Porjus U9 Kaplan turbine prototype experiments. The frequency of data acquisition and transfer (if data are not stored on the rotating components) must be significantly greater than the frequency of rotor rotation in order to obtain the pressure information at each blade position with meaningful resolution. The rotor rotation rate of the previous model-and prototype-scale studies have ranged from 273-697 RPM as shown in Table 3 . This corresponds to a rotation of 0.08°-1.44° between consecutive samples. In other words, a total of 250-4400 samples were acquired for each rotor revolution. Table 3 . Pressure data range and sample frequency details
Application of in situ pressure instrumentation to Ice Harbor Dam
A representative case study was considered using the Ice Harbor Dam as the example facility. This facility was selected due access to an existing CFD model that could be used to look at typical pressure distributions and provide a realistic case for a study design. Ice Harbor was selected as a case study for the example study design and is not confirmed to be a final candidate for any possible field studies.
For the case of Ice Harbor Dam, which operates with a nominal rotation speed of 90 RPM (USACE 2016) , the data acquisition rate to achieve a minimum resolution of 1440 samples per revolution (one sample for every 0.25° rotation) would be 2.16 kHz. This frequency of data acquisition and transmission is achieved in most of the studies reviewed in Section 2.0 and can be achieved by the hardware used to generate the cost estimates in the following subsection.
The loss of data in the onboard data acquisition system of the Tokke Power Plant studies demonstrates the risks involved in avoiding real-time data transmission. Therefore, an application of the approach used in the Porjus Hydropower Centre studies is recommended for similar in situ measurements at Ice Harbor Dam.
The location of the pressure sensors should be selected to sample the maxima and minima pressures on each side of the blade. A higher concentration of sensors over regions of rapidly changing pressure is also desirable. Such regions can be located by using numerical simulations of the turbine performance based on CFD (Cervantes et al. 2008) . CFD simulations performed on the Ice Harbor Dam runner (found in units 1-3) are presented in Figure 15 . The recommended arrangement of both 12 and 24 pressure sensors shared evenly across the pressure and suction side of a single blade is indicated with black circles.
As with all of the model and prototype tests reviewed in Section 2.0, the instrumentation of the runner blade or blades with pressure sensors requires some modification of the blade. Specifically, the pressure sensor must be installed in a recessed hole and the wires must be run to the hub below the surface of the blade. This is achieved by machining channels in the blades and fastening the wires inside the channels with adhesive and or epoxy resin. Cervantes et al. (2008) note that the experimental setup must facilitate the replacement of the sensor and associated wiring in the event of instrumentation failure. As such, the pressure sensors are often mounted on a casing that can be quickly fastened to the machined recess in the blade using two screws. To increase the ease of rewiring the sensors, it is suggested that a PTFE conduit be enclosed beneath the resin to allow wiring to be removed and replaced without disrupting the surface finish over the channels.
Access to the hub is obtained by machining an access hole at the trunnion of the instrumented blade. The wires from each transducer would be fitted with a connector inside the hub. The access to such locations is limited, and the instrumentation may require to be deployed for long durations without maintenance. It is therefore important to consider the effects of cyclic loads on the instrumentation hardware and connectors. The integrity of such items may be reduced by vibration and cyclic loads over long periods, and so the longevity of the installation should be considered throughout the experimental design. This will include strain relieve systems of wire connections and vibration-dampening pads between the DAQ hardware and turbine components.
Cost Estimates
The following cost analysis represents an estimation of the cost of the key components of instrumenting a turbine for pressure measurements on the blades. The cases of 12 and 24 pressure sensors are presented for both the model and prototype turbines. Because of the smaller blade side of the model turbine, the associated pressure sensors are anticipated to be distributed over four blades in the model case, and two blades in the prototype case. The key cost components considered are  replacement blade manufacture  pressure sensor hardware  pressure sensor installation  data acquisition hardware  data acquisition installation  blade installation  pressure system calibration  data acquisition system commissioning.
A breakdown of the cost estimate for instrumenting a model-scale test setup for blade pressure measurements is presented in Table 4 . The equivalent cost estimate for a prototype-scale instrumentation project is presented in Table 5 . Labor costs for both of these cases are yet to be determined because they will be a function of the collaborative opportunities available. 
Conclusions and Recommendations
In summary, the instrumentation of hydropower turbine blades at both model and prototype scales has successfully been achieved by a number of researchers during the past 15 years. Such projects have been based on identifying the source of several constituents of unsteady loads, which were previously only detected by force measurements as well as pressure measurements in stationary components of the hydropower turbine flow passage.
In situ measurements of blade pressures will benefit the BioPA through the validation of CFD models that have been developed to assess the biological impact of turbine passage for fish. Experimental pressure data are an important metric in the assessment of flow quality, mechanical performance, and fish survival, and so experimental pressure data are a valuable tool in the validation of the BioPA.
Few prototype-scale studies have been completed owing to the increased cost of the operation as well as the reduced access to full scale facilities available to engage in research that may cause disruptions to normal plant operation. The two studies presented in this review are the Tokke Power Plant in Norway and Porjus U9 turbine of the Porjus Hydro Power Centre in Sweden. Both of these studies required significant collaborative efforts with the plant owner and turbine developers.
The key conclusions and recommendations from the review of existing in situ pressure instrumentation are as follows:
1. Pressure measurement locations are most useful for CFD validation at the locations of local pressure maxima and minima as well as in regions of peak pressure gradients.
2. Restrictions in available surface area on model-scale experiments require a grid of pressure taps to be distributed over multiple blades in order to achieve the desired resolution of pressure mapping. The measurements taken on multiple blades are then overlaid in post-processing by accurately measuring the location of the blades at each pressure measurement and synchronizing the results.
3. Real-time data transmission and offload of pressure measurements alleviates the risk of completing an experimental campaign with no recorded results. Onboard data acquisition is prone to such risks.
4. Real-time data offload is achieved using wireless telemetry at the model scale and WLAN at the prototype scale.
5. For Ice Harbor Dam, the data acquisition rate to achieve a minimum resolution of 1440 samples per revolution (one sample for every 0.25° rotation) would be 2.16 kHz. This frequency of data acquisition and transmission was achieved in most of the studies reviewed and can be readily achieved by the hardware identified in the cost estimates.
